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ABSTRACT 

Employing spectra obtained with the new Keck I HIRES near-UV sensitive detector, we have 
performed a comprehensive chemical composition analysis of the binary blue metal-poor star 
CS29497-030. Abundances for 29 elements and upper limits for an additional seven have been de- 
rived, concentrating on elements largely produced via neutron-capture nucleosynthesis. Included in 
our analysis are the two elements that define the termination point of the slow neutron-capture pro- 
cess, lead and bismuth. We determine an extremely high value of [Pb/Fe] = +3.65 ± 0.07 (a = 0.13) 
from three features, supporting the single-feature result obtained in previous studies. We detect Bi 
for the first time in a metal-poor star. Our derived Bi/Pb ratio is in accord with those predicted 
from the most recent FRANEC calculations of the slow neutron-capture process in low-mass AGB 
stars. We find that the neutron-capture elemental abundances of CS29497-030 are best explained by 
an AGB model that also includes very significant amounts of pre-enrichment of rapid neutron-capture 
process material in the protostellar cloud out of which the CS29497-030 binary system formed. Thus, 
CS29497-030 is both an r+s and "extrinsic AGB" star. Furthermore, we find that the mass of the 
AGB model can be further constrained by the abundance of the light odd-element [Na/Fe] which is 
sensitive to the neutron excess. 1 

Subject headings: nuclear reactions, nucleosynthesis, abundances - stars: abundances - stars: Popula- 
tion II - stars: AGB - stars: binaries: spectroscopic - stars: individual (CS29497- 
030) 



1. INTRODUCTION 

The bulk of the "heavy elements" , those heavier than 
iron, are created by a combination of slow and rapid 
neutron-capture nucleosynthesis processes (s- and re- 
process) with each responsible for ^50% of the solar 
system isotopes. In the s-process, successive neutron 
captures occur over sufficiently long timescales to per- 
mit unstable nuclei to /3-decay and, in principle, the 
isotopic distribution of the s-process can be calculated 
from knowledge of stellar and nuclear physics (e.g., 
Busso, Gallino, & Wasserburg 1999; Straniero, Gallino, 
& Cristallo 2005). Pb and Bi are the last stable elements 
along the s-process path. All isotopes heavier than Bi are 
unstable and a-decay to Pb and Bi (Clayton & Rassbach 
1967). In the Sun, the elemental abundances of Pb and 
Bi consist of significantly different combinations of r- and 
s-process isotope contributions, with r:s ratios for Pb 
and Bi of 21:79 and 65:35, respectively (Travaglio et al. 
1999; Simmerer et al. 2004; and references therein). The 
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solar system chemical composition is the integrated re- 
sult of many generations of stars, and depends upon the 
details of the formation history, initial mass functions, 
chemical yields, etc. The Pb and Bi abundances most 
useful for unravelling the sites and nuclear parameters 
associated with the s- and r-process correspond to those 
in extremely metal-poor stars, formed from material with 
few prior generations of nucleosynthetic processing. 

In the last five years, dozens of low-metallicity stars 
with [Pb/Fe] > 1 have been discovered 7 (e.g. Sivarani 
et al. 2004; Barbuy et al. 2005; and references therein). 
Such large values of heavy s-process enhancements in 
low metallicity stars are thought to be the result of 
mass transfer in binary star systems where the initially 
more massive star underwent an asymptotic giant branch 
(AGB) evolutionary phase, and transferred material to 
the observed star. The Pb enhan cements observed in 
metal-poor stars were predicted by [Gallino eTall lM99l 
who noted that lower metallicity stars were expected 
to display increasingly higher abundances of heavier s- 
process elements relative to the abundances of lighter 
s-process elements. At lower metallicities, the number 
of neutrons captured per iron seed increases, allowing 
heavier elements to be produced in greater abundance. 
Pb enhancements have since been modelled by both phe- 
nomenological "classical" AGB models with parameter- 
ized neutron exposures and "stellar models" with stellar 
astrophysical constraints (e.g. Arlandini et al. 1999; De- 

7 We adopt the usual spectroscopic notation that for ele- 
ments A and B, log e(A) = logi (N A /N H ) + 12.0, and [A/B] 
= logi (N A /N B )* - log 10 (N A /N B )o- e.g., [Pb/Fe] = 3 => 
(Np b /N Fe ),t = 1000x(N Pb /N Fe ) Q . Also, metallicity is defined as 
the stellar [Fe/H] value. 
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laude et al. 2004; and references therein). 

Because Bi is the last stable element, knowledge of its 
abundance in metal-poor halo stars will help pin down 
the predictions of the abundances of heavier radioactive 
actinide elements such as Th and U (Kratz et al. 2004; 
Ratzel et al. 2004; and references therein). Thus, abun- 
dance determinations of this element will also benefit nu- 
clear chronometer studies of the age of the Galaxy. With 
these multiple goals in mind, we observed the blue metal- 
poor star (BMP; Preston, Beers, & Schectman 1994), 
CS29497-030, a star which possesses the largest [Pb/Fe] 
abundance of any metal-poor star published to date (Sne- 
den, Preston, & Cowan 2003 - SPC03; Van Eck et al. 
2003, Sivarani et al. 2004; and references therein), in 
order to derive its abundance of Bi and other neutron- 
capture elements. 

2. OBSERVATIONS, REDUCTIONS, AND ANALYSIS 

Spectra of CS29497-030 were obtained 2004 September 
29-October 1 with the blue configuration of the Keck I 
High Resolution Echcllc Spectrometer (HIRESb; Vogt et 
al. 1994) and new 3-chip CCD mosaic (3x2048x4096x15 
/jm pixels) . The wavelength range coverage is essentially 
continuous in the range ~3050-5895 A. With 3x1 pixel 
on-chip binning and a slit width of 0.861 arcseconds, we 
obtained resolving power R = A/AA ~ 40,000. Nine 
1800 s exposures were taken to attain a co-added signal- 
to-noise ratio (S/N) of 55:1 per resolution clement in the 
centre of the blaze of the bluest order. The S/N increases 
redwards, with ~100 at A3680A, ~250 at A4400A, and 
~300 at A5850A. Data reduction was performed us- 
ing standard tasks in IRAF^ , FIGARO 9 , and SPECTRE 
l)Fitzpatrick fe Snedenlll987j) . 

Our abundance analysis relied on the results of 
a combination of spectrum syntheses and equiva- 
lent width (EW) analyses measured with SPECTRE 
by fitting Gaussian profiles to the absorption lines. 
We employed stellar atmos pheres without overshoot- 
ing ijCastelli &; Kuruc3l2004|) . and performed ab undance 
calculations with a current version of MOOG iSnedenl 
Il973|) . Adopting the stellar parameters of SPC03 as ini- 
tial parameters, we then iterated on the Fe abundances 
to eliminate abundance trends with respect to the exci- 
tation potentials, EWs, and ionization states. We derive 
values of T cff = 7000 K, log g = 4.1, & = 1-9 km s -1 , 
and [Fe/H] = -2.57, all in good agreement with SPC03, 
with the exception of the lower metallicity derived from 
the higher quality data employed in this study. We also 
compared our abundances for CS29497-030 to those of 
Sivarani et al. (2004). With 19 elements in common be- 
tween the two studies (excluding those for which only an 
upper limit was derived) , most of the abundances agree 
to within 1-a. Abundances in largest disagreement can 
be completely explained as the direct result of the differ- 
ences in the adopted stellar parameters. As Sivarani et 
al. show (their Table 2), the photometry of CS29497-030 
leads to a wide range of T e ff values based on colours. In 
this study, we adopt the value of 7000 K, which satisfies 
both our spectroscopic constraints and is comparable to 

8 IRAF is distributed by NOAO, which is operated by AURA, 
under cooperative agreement with the NSF. 

9 FIGARO is provided by the Starlink Project which is run by 
CCLRC on behalf of PPARC (UK). 



the estimate based on (V-K) photometry. Further tech- 
nical details regarding our reduction and analysis tech- 
niques will be reported in an expanded investigation cur- 
rently underway (Ivans et al. 2005). 

In Figure H we illustrate three 4A-swaths of spectrum 
syntheses surrounding regions of selected near-UV fea- 
tures of platinum, bismuth, lead, erbium, and ytterbium. 
In Table □ we list our abundances for CS29497-030, in- 
cluding formal uncertainties of their means (±), and the 
adopted 1-a, which includes an allowance for any uncer- 
tainty in the spectroscopically derived stellar parameters. 
Abundances derived from a single feature have been as- 
signed a = 0.3 dex. For some elements with additional 
useful features at wavelengths redward of our HIRESb 
set-up, we made new abundance determinations of the 
2D-FRUTTI data employed by SPC03. 

The derived abundances of O, Na, Al, and K shown 
in Table ^have not been corrected for non-local thermo- 
dynamic equilibrium (NLTE) effects which are known to 
exist for these elements. The available literature on this 
issue in warm low metallicity stars is both sparse and in 
poor agreement. For the elemental abundances of O, Na, 
Al, and K, we suggest that the following values be con- 
sidered with greater confidence: upper limits of [O/Fe] < 
+ 1.59; [Na/Fe] < +0.88; [Al/Fe] < +0.58; and [K/Fe] < 
+1.07; which include our estimated NLTE corrections. 

3. DISCUSSION 

We explored the origin of the neutron-capture elements 
in CS29497-030 by comparing the observed abundances 
with predicted r- and s-process contributions. In Fig- 
ure |21 wc display our abundances in the context of s- 
process FRANEC calculations performed by Gallino et 
al. (1998, 2005; also see Straniero et al. 2005; and ref- 
erences therein). Predictions from two sets of initial 
abundance assumptions are shown: with and without 
pre-enrichment of the initial abundances. [La/Eu] ra- 
tios produced in the s-process at this low metallicity are 
typically +0.7 dex. In CS29497-030 the [La/Eu] ratio is 
~0.2, clearly indicating a strong r-process contribution. 
The pre-enrichment treatment employed in the s-process 
calculations here permits an exploration of the possibil- 
ity that the initial abundances of CS29497-030 and its 
binary partner arose from a parent cloud with an ex- 
treme r-process abundance. In our picture, the forma- 
tion of this pair of low mass stars was triggered by a 
supernova which polluted, snowplowed, and clumped a 
nearby molecular cloud. In the associated s-process cal- 
culation, all of the initial r-process isotopes have been 
enhanced (according to their r-process contribution to 
the solar system abundances and normalized to Eu) and 
this, in turn, affects the seed abundances available to the 
subsequent s-processing. 

In the case of no pre-enrichment, the displayed result 
represents the most recent FRANEC calculations of the 
s-process at [Fe/H] ~ -2.6 for an AGB star of 1.3Af© with 
an enhanced 13 C abundance, in which all heavy-element 
abundance predictions are from the s-process. Also illus- 
trated in Figure|2are s-process calculations based on the 
r-process pre-enrichment scenario. Calculations for ± 
0.05A/q produce abundances which bracket those shown 
in the figure. 

The main component of the s-process is produced in 
an AGB star undergoing a series of He shell flashes via 
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the triple-a reaction just below the H-burning shell. In 
these He-shell flashes (pulses), proton mixing leads to 
12 C(p,7) 13 N(e + ,^) 13 C(a,n) 16 reactions, releasing neu- 
trons which can then be captured by Fe and heavy- 
element seeds (Iben & Renzini 1982; Busso et al. 1999; 
Straniero et al. 2005). The next thermal pulse injects the 
energy required to dredge up the nucleosynthesis prod- 
ucts into the envelope while mixing more protons with 
the products of further triple-a reactions. Thus, the pho- 
tosphcric abundance ratios of neutron-rich elements cre- 
ated in the s-process are a function of the histories of 
the envelope and core masses, and the number of ther- 
mal pulses. 

The number of thermal pulses affects the number of 
free neutrons for subsequent neutron-capture process- 
ing and the abundance of Na places a stringent limit 
upon the assumed AGB star progenitor mass. The Na 
abundance results from 22 Ne(n,7) 23 Na reactions where 
22 Ne is largely of primary origin, only slightly affected 
by a-captures during the thermal pulses. 22 Ne derives 
its abundance from CNO nuclei ashes ( 14 N) capturing 
a-particles in the convective thermal pulse, with pri- 
mary 12 C produced and mixed to the surface by previous 
dredge-up episodes. More massive AGB models produce 
higher [Na/Fe] abundances (e.g., 1.5M model under- 
goes ~20 thermal pulses =$> [Na/Fe] ~2). The best fit 
to our recommended upper limit of [Na/Fe], as well as 
the overall abundances of CS29497-030, was found to be 
from a 1.3M AGB model that had undergone only six 
thermal pulses. 

Among the light neutron-capture elements, where 
no r-process enrichment was assumed, the s-process 
model with pre-enrichment predicts abundances in good 
agreement with those derived for Sr and Zr. An 
"intrinsic AGB" (i.e., high luminosity and low log g) 
is expected to be Tc-rich, 93 Zr-rich, and 93 Nb-poor 
(|Wallerstein fe Dominvlll988jh An "extrinsic AGB" is 
on or near the main sequence, and was once the smaller 
mass star in a binary system. The s-process abundances 
of the extrinsic AGB star are a result of pollution from 
the former AGB star's dredged-up material, at an epoch 
sufficiently remote for the 93 Zr to have now decayed 
to 93 Nb. Our [Nb/Zr] ratio and stellar parameters for 
CS29497-030 are both in accord with those of an extrin- 
sic AGB. 

The abundances of elements in CS29497-030 with large 
s-process contributions in the solar system are predicted 
to have lower abundances in the r+s results than those 
predicted from the s-process operating without r-process 
pre-enrichment. The pre-enrichment of the additional 
heavy elements affects the s-processing within the He- 
intershell of the AGB star, both in the 13 C-pocket and 
the convective thermal pulse. Because the heavy element 
isotopes in the pre-enrichment case are so numerous, they 
strongly compete with Fe as seeds for neutron-capture. 
In addition, this competition takes a global role of leaving 
fewer neutrons available for the s-process isotopes which 
further decreases s-process efficiency. 

Other r+s stars have recently been reported and dis- 
cussed in the literature (e.g. Aoki et al. 2002; Cohen 
et al. 2003; Johnson & Bolte 2004; Zijlstra 2004; Bar- 
buy et al. 2005 and references therein). In some of 
the previous efforts to model the abundances of r+s 
stars, s-process material has been added to existing r- 



process abundance enhancements (e.g., Delaude 2004). 
However, those modelling attempts were performed em- 
ploying fewer abundances than those employed here for 
CS29497-030, and the previous attempts neither required 
nor included s-processing of the r-enhanced material 
within the He-intershell of the AGB star as has been 
done in the present study. As noted, CS29497-030 pos- 
sesses the largest [Pb/Fe] abundance of any metal-poor 
star published to date. Its s-process contribution to Bi 
disguises its initial r-process contribution. However, we 
predict that r+s stars with less s-processing (and a rel- 
atively higher amount of r-processed material) will pro- 
vide 3rd s-peak abundance ratios which can then be used 
to pin down the abundance predictions - and production 
sites - for the production of the r-process actinide ele- 
ments such as Th and U. 

4. CONCLUSIONS 

The chemical abundances of the extremely Pb-rich 
BMP star CS29497-030 are an excellent testbed to set 
new constraints on models of neutron-capture processes 
at low metallicity. We find CS29497-030 to be an r+s 
star and that the abundance ratios are best fit by a pre- 
enrichment of r-process material out of which the bi- 
nary system formed. The more massive companion un- 
derwent an AGB phase, and heavy elements from the 
pre-enrichment competed with Fe as seeds for neutron- 
capture, leaving fewer neutrons available for s-process 
isotopes, diminishing the s-process efficiency. Pollu- 
tion from the former AGB star's dredged-up mate- 
rial subsequently enriched the envelope composition of 
CS29497-030. Based on the fit to the low number of 
AGB model thermal pulses to match the observed abun- 
dance pattern, including the abundances of Na and Mg, 
we deduce that the progenitor mass of the AGB star was 
1.3Mq. The relative abundances we derive for Nb and 
Zr, as well as the stellar parameters corresponding to an 
evolutionary stage near the main sequence, confirm that 
CS29497-030 is an extrinsic AGB star. 

We encourage future studies of s-process abundance 
patterns to include the abundance of light elements sen- 
sitive to the neutron excess such as Na and Mg. We find 
that these elements are useful constraints on the mass 
of the AGB progenitor. However, some light elements 
are affected by NLTE effects and studies to date of those 
effects are sparse and/or in poor agreement. It would be 
useful to extend the knowledge to lower metallicity and 
warmer temperatures than have so far been investigated. 

Overall, the predicted abundances from the r+s- 
process fit well the observed abundance patterns of 
CS29497-030, from the first- (Sr and Zr) and second- 
peaks of the s-process (Ba and La) as well as the third- 
peak (Pb and Bi) . Our abundance determination for Bi is 
the first such in any metal-poor star. And, the value de- 
rived for Bi is in accord with the Pb abundance. We find 
that the s-process contribution to the pre-enrichment of 
r-process material in CS29497-030 swamps the r-process 
signature in the abundance of Bi. We recommend that 
additional r+s stars (but with relatively less s-processing 
than is found in CS29497-030) be observed in order to 
derive Pb and Bi abundances that may further illuminate 
the issues regarding the production of actinide elements, 
Th and U and the other neutron-capture processes at 
work at early times in our Galaxy. 
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Fig. 1. — Spectra surrounding platinum, bismuth, lead, erbium, and ytterbium features in the near-UV. The dots represent the observed 
spectrum and the solid lines, the spectrum syntheses. The magenta line represents a synthesis with no detectable contribution of the 
named element (e.g., only an upper limit is derived for platinum). The green and blue syntheses otherwise bracket the derived abundances 
(presented in Tableland displayed here in red) by ± 0.4 dex. 



6 



Ivans et al. 



o 

CO 



o 



o 

CO 



O 
ID 



O 



O 

CO 



O 




o 




CO 




o 




1 
















CVJ 


w 


CO 


+ 


o 




o 


! 1 



. □ 

h+H * □ 



H* □ 
«--D 









+ 






□ 


* 



*3 
□ HH 



■ ■■ □ 

. . * 



O 
CO 



O 



O 
CO 



o £ 



3 
Z 

o 



o 

CO 



o 

c\? 



CO 



[ a d/X] 



[9J/X]V 



Fig. 2. — Comparison of the [X/Fe] abundances in CS29497-030 with predictions from s-process calculations of a 1.3Mq AGB star 
model. In the top panel, the upper limits and open circles with error bars denote the stellar abundances. Thinned symbols denote the 
four light element abundances which may suffer from uncorrected NLTE systematics (see § 2). The solid blue line represents the best 
fit s-process calculations based on an extreme r-process abundance pre-enrichment (r+s); the red dotted line represents predictions from 
s-process calculations without r-process enrichment. The bottom panel displays the difference defined as A[X/Fc] = [Fc/H] b s - [Fc/H] ca i c 
and upper limits are not shown. 
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TABLE 1 

CS29497-030: Derived Abundances 



Species 


Element 


log e(X) 


± 


n 


[X/Fc] 


(7 


C 


6 


8.29 


0.03 


9 


+2.30 


0.10 


C (CH) 


6 


8.46 






+2.47 


0.10 


N (CN) 


7 


7.60 






+2.12 


0.35 


( a ) 


8 


7.84 


0.11 


3 


+1.48 


0.11 


Na< a ) 


11 


4.34 




1 


+0.58 


0.30 


Mg 


12 


5.45 


0.07 


4 


+0.44 


0.14 


Si 


14 


5.01 




1 


+0.03 


0.30 


K( a ) 


19 


3.62 




\ 


+1.07 


0.30 


Ca 


20 


4.26 


0.04 


6 


+0.47 


0.10 


Sc 


21 


1.20 


0.01 


3 


+0.67 


0.10 


Ti 


22 


3.06 


0.03 


17 


+0.64 


0.11 


rv 


24 


o.io 


n rizi 


r: 
o 




n i n 


Mn 


25 


2.47 


0.07 


4 


-0.35 


0.13 


Ni 


28 


3.72 


0.02 


2 


+0.04 


0.10 


Sr 


38 


1.67 


0.07 


3 


+1.34 


0.12 


Y 


39 


0.64 


0.02 


13 


+0.97 


0.10 


Zr 


40 


1.43 


0.03 


\\ 


+1.40 


0.10 


Nb 


41 


0.52 


0.04 


3 


+1.67 


0.20 


Ba 


56 


1.88 


0.06 


3 


+2.32 


0.11 


La 


57 


0.80 


0.01 


15 


+2.22 


0.10 


Ce 


58 


1.08 


0.02 


20 


+2.10 


0.10 


Nd 


60 


1.02 


0.02 


17 


+2.14 


0.10 


Eu 


63 


-0.07 


0.03 


6 


+1.99 


0.10 


Gd 


64 


0.64 


0.02 


5 


+2.09 


0.10 


Dy 


66 


0.31 


0.02 


7 


+1.78 


0.10 


Ho 


67 


-0.19 


0.05 


4 


+1.87 


0.20 


Er 


68 


0.44 


0.04 


4 


+2.08 


0.10 


Yb 


70 


0.81 


0.13 


2 


+2.30 


0.18 


Hf 


72 


0.63 


0.07 


5 


+2.32 


0.15 


Pb 


82 


2.93 


0.07 


3 


+3.65 


0.13 


Bi 


83 


1.51 




1 


+3.37 


0.30 


Upper Limits 


Al( a ) 


13 


3.83 




1 


-0.07 




Co 


24 


4.02 




1 


+1.67 




Ga 


31 


1.63 




1 


+1.32 




Ag 


47 


0.7: 




1 


+2.03 




Os 


76 


1.4: 




1 


+2.52 




Ir 


77 


1.3: 




1 


+2.52 




Pt 


78 


1.5: 




1 


+2.27 





( a ) Derived abundance does not take into account NLTE correction which would revise abundance. Sec § 2 for discussion and recommended upper 
limits. 



